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Abstract

Epidemiologic studies have reported an association between frequent consumption of well-done 

cooked meats and prostate cancer risk. However, unambiguous physiochemical markers of DNA 

damage from carcinogens derived from cooked meats, such as DNA adducts, have not been 

identified in human samples to support this paradigm. We have developed a highly sensitive nano-

LC-Orbitrap MSn method to measure DNA adducts of several carcinogens originating from well-

done cooked meats, tobacco smoke and environmental pollution including: 2-amino-1-methyl-6-

phenylimidazo[4,5-b]pyridine (PhIP), 2-amino-9H-pyrido[2,3-b]indole (AαC), 2-amino-3,8-

dimethylimidazo[4,5-f]quinoxaline (MeIQx), benzo[a]pyrene (B[a]P) and 4-aminobiphenyl (4-

ABP). The limit of quantification (LOQ) of the major deoxyguanosine (dG) adducts of these 

carcinogens ranged between 1.3 – 2.2 adducts per 109 nucleotides per 2.5 μg DNA assayed. The 

DNA adduct of PhIP, N-(deoxyguanosin-8-yl)-PhIP (dG-C8-PhIP) was identified in 11 out of 35 

patients, at levels ranging from 2 to 120 adducts per 109 nucleotides. The dG-C8 adducts of AαC, 

MeIQx, and the B[a]P adduct, 10-(deoxyguanosin-N2-yl)-7,8,9-trihydroxy-7,8,9,10-
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tetrahydrobenzo[a]pyrene (dG-N2-B[a]PDE) were not detected in any specimen, whereas N-

(deoxyguanosin-8-yl)-4-ABP (dG-C8-4-ABP) was identified in one subject (30 adducts per 109 

nucleotides). PhIP DNA adducts also were recovered quantitatively from formalin fixed paraffin 

embedded (FFPE) tissues, signifying FFPE tissues can serve as biospecimens for carcinogen DNA 

adduct biomarker research. Our biomarker data provide support to the epidemiological 

observations implicating PhIP, one of the most mass-abundant heterocyclic aromatic amines 

formed in well-done cooked meats, as a DNA damaging agent that may contribute to the etiology 

of prostate cancer.

TOC image

INTRODUCTION

Prostate cancer is the most frequently diagnosed malignancy and second leading cause of 

cancer-related deaths among men in the United States.1 In 2015, the Working Group of the 

International Agency for Research on Cancer (IARC) classified the consumption of red meat 

as probably carcinogenic to humans (Group 2A) with an increased risk to colorectal 

cancer.2,3 This classification was based on a compilation of epidemiology data and strong 

mechanistic evidence from animal and human studies. The frequent consumption of cooked 

red meat was also positively associated with an elevated risk of prostate and pancreatic 

cancers.3

The cooking of meats can produce carcinogen polycyclic aromatic hydrocarbons (PAH) and 

heterocyclic aromatic amines (HAA). More than a dozen PAH can form in some cooked 

meats, particularly when meat is exposed to flame and charred.4,5 Benzo[a]pyrene (B[a]P) is 

a prototypical PAH formed in charred meats and it is also present in tobacco smoke, and an 

environmental pollutant.6 B[a]P is a recognized human carcinogen (Group 1).6 Over twenty 

genotoxic HAA are formed in well-done cooked meats at concentrations ranging from <1 up 

to 500 parts-per-billion.7 The amounts of HAA formed are dependent upon the type of meat 

and method of cooking.8 2-Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) is the 

most mass-abundant carcinogenic HAA formed during the high-temperature cooking of 

meats.8 PhIP is a rodent prostate carcinogen9 and classified as a possible human carcinogen 

(Group 2B, IARC).10 PhIP forms DNA adducts and induces oxidative stress, atrophy of the 

acini and inflammation of the prostate in rodent models.9,11–13 These are also features in the 
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pathology of human prostate cancer.14 A paradigm has been put forth for a causal role of 

consumption of well-done cooked meats containing PAH and HAA in the etiology of 

prostate cancer. However, a critical missing link to support this paradigm is specific 

biomarkers of DNA damage of carcinogens derived from cooked meat.2,3,15 DNA adducts 

are a measure of internal exposure to chemicals, which can lead to mutations, and 

considered important biomarkers for the human risk assessment.16,17

The measurement of DNA adducts in human biospecimens is challenging because the 

amount of tissue available for assay is usually very small and DNA adduct formation 

generally occurs at ultra-low levels (~1 adduct per 107 to 1010 nucleotides).18 32P-

postlabeling and immunohistochemistry (IHC) methods have been widely used for DNA 

adduct detection in human biospecimens.19,20 For example, supposed DNA adducts of PhIP, 

4-ABP and B[a]P were measured by 32P-postlabeling in exfoliated breast epithelial cells in 

milk of lactating mothers. Thirty samples contained detectable levels of PhIP adducts, with a 

mean value of 4.7 adducts/107 nucleotides; 18 were positive for ABP adducts with a mean 

value of 4.7 adducts/107 nucleotides; and 13 contained B[a]P adducts with a mean level of 

1.9 adducts/107 nucleotides.21 In IHC studies, PhIP-DNA adducts were detected in 82% of 

mammary samples of breast cancer patients and 71% of tissue samples of healthy control 

patients, at levels that exceeded several adducts per 107 nucleotides.22 Similarly, frequent 

and high levels of PhIP- and B[a]P-DNA adducts were reported in human prostate 

specimens, when assayed by IHC.23–25 The estimated levels of PhIP adducts were 

comparable to those levels reported in tissues of rodents given a single acute or chronic 

doses of PhIP, which exceed human dietary levels by a million-fold or more.26,27

The occurrence of putative PhIP-DNA adducts in human tissues at such high levels is 

alarming, and if confirmed, PhIP would be recognized as a major dietary DNA-damaging 

agent. However, the proof of identity of PhIP-DNA adducts and other DNA adducts by IHC 

and 32P-postlabeling methods is equivocal. An important drawback of IHC is that the 

specificity of the antibodies, including monoclonal antibodies, for DNA adducts is uncertain 

as they may cross-react with other DNA lesions or endogenous components, leading to 

errors in identification and quantification. The uncertainty in labeling efficiency and the lack 

of physiochemical structural confirmation puts DNA adduct analysis by 32P-postlabeling 

methods into question.28,29

There is a critical need to establish specific methods to identify and quantify DNA adducts 

for human cancer risk assessment. Liquid chromatography-mass spectrometry (LC-MS) has 

emerged as the most promising technique to assay a variety of DNA adducts with a level of 

sensitivity that can be superior to that of 32P-postlabeling or IHC methods for certain DNA 

adducts.29–31 In this study, we developed a highly sensitive and selective nano-LC-high 

resolution MSn method to identify and quantitate DNA adducts formed in prostate 

specimens of human cancer patients. We have measured DNA adducts of several 

carcinogens formed in cooked meats or present in the environment including: AαC, 

MeIQx,7 4-ABP,33 and B[a]P33 (Figure 1). The primary DNA adducts of HAA and 4-ABP 

are formed at the C8 position of deoxyguanosine (dG).15,34 B[a]P undergoes bioactivation to 

form a diol-epoxide, which reacts with the N2 position of dG to give 10-(deoxyguanosin-N2-

yl)-7,8,9-trihydroxy-7,8,9,10-tetrahydrobenzo[a]pyrene (B[a]PDE) as the major adduct.35
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We report the occurrence of dG-C8-PhIP in biopsy tissues of 11 out of 35 human prostate 

cancer patients. In contrast, DNA adducts of the other carcinogens investigated were not 

detected, except for one subject who was positive for dG-C8-4-ABP, a carcinogen present in 

tobacco smoke and an environmental pollutant.33 In addition, we show that our recently 

established method of DNA adduct retrieval from formalin-fixed paraffin-embedded (FFPE) 

tissue blocks29,36 can be used to measure dG-C8-PhIP in FFPE prostate tissue.

EXPERIMENTAL SECTION

Safety Considerations

PhIP, 4-ABP, AαC, MeIQx and B[a]P are known or potential human carcinogens and should 

be handled with caution in a well-ventilated fume hood with the appropriate personal 

protective equipment. Human tissue specimens were processed in a biohazard hood, and all 

unused tissue material was treated with bleach prior to discarding the material in biohazard 

waste receptacles.

Materials—Calf thymus (CT) DNA, RNase A (bovine pancreas), RNase T1 (Aspergillus 
oryzae), Proteinase K (Tritirachium album), DNase I (type IV, bovine pancreas), alkaline 

phosphatase (Escherichia coli), nuclease P1 (Penicillium citrinum) were purchased from 

Sigma-Aldrich (St. Louis, MO). Phosphodiesterase I (Crotalus adamanteus venom) was 

purchased from Worthington Biochemical Corp. (Newark, NJ). Maxwell 16 FFPE Plus LEV 

DNA purification kit was purchased from Promega Co. (Madison, WI). Unlabeled and stable 

isotopically labeled internal standards of [13C10]-dG-C8-PhIP, [13C10]-dG-C8-4-ABP, 

[13C10]-dG-C8-AαC, [2H3C]-dG-C8-MeIQx and [13C10]-dG-N2-B[a]PDE were synthesized 

as described.37,38

Human Prostate Tissue Collection and Treatment—The research protocol was 

reviewed and approved by the Institutional Review Board at University of Minnesota. Cases 

recruited for study were sent a letter introducing the study protocol, followed by a phone call 

from a study interviewer. The study population consisted of men from Minnesota, 

Wisconsin, South Dakota, North Dakota, and Iowa, who were diagnosed with prostate 

cancer and scheduled to undergo radical prostatectomy (mean age: 64.2 ± 8.5). A food 

frequency questionnaire was provided to obtain information about eating habits. All subjects 

were omnivores and ate cooked red meat at least seven times per week. Full details on the 

demographics of the subjects, dietary and life-style habits, and prostate pathology will be 

reported elsewhere. The identities of all patients were rendered anonymous.

H&E-stained slides of tissue specimens were reviewed by the study pathologist (P. 

Murugan) to confirm samples assayed for DNA adducts were largely tumor-free. Normal 

tumor-adjacent prostate tissues (peripheral and transition zones) were snap-frozen in liquid 

nitrogen and stored at −80 °C. Matching FFPE samples were fixed in 10% neutral buffered 

formalin for 24 h at room temperature, then tissues underwent serial dehydration with 

ethanol, followed by p-xylene, and embedded in paraffin by a Sakura Tissue Tech VIP 2000 

(Torrance, CA) following the previously reported protocol.39
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Extraction and Enzymatic Digestion of Prostate DNA—Fresh frozen prostate 

tissues were thawed on ice and homogenized in 4 mL of 50 mM Tris EDTA buffer 

containing 10 mM β-mercaptoethanol (pH 8.0) using a blade homogenizer (Pro Scientific, 

Oxford, CT). The homogenates were centrifuged at 3,000 g for 10 min at 4°C and DNA was 

isolated from the pellet by the phenol/chloroform extraction method (Protocol S-1 in 

Supporting Information).

The procedure of DNA isolation from FFPE samples is described in Supporting Information 

(Protocol S-2). The rehydrated tissues were homogenized by the same method used for fresh 

frozen tissues. DNA was extracted per the manufacturer’s instructions for the Maxwell 16 

FFPE Plus LEV DNA purification kit. DNA concentration was determined using an Agilent 

8453 UV/Vis spectrophotometer (Agilent Technologies, Santa Clara, CA), assuming that 50 

μg/mL of double-stranded DNA gives an absorbance of 1.0 at 260 nm.

DNA (20 μg) containing isotopically labeled internal standards ([13C10]-dG-C8-PhIP, 

[13C10]-dG-C8-4-ABP, [13C10]-dG-C8-AαC, [2H3C]-dG-C8-MeIQx and [13C10]-dG-N2-

B[a]PDE each at a level of 3 adducts per 108 nucleotides) was digested with a cocktail of 

enzymes (Protocol S-3 in Supporting Information). Samples were concentrated to dryness 

by vacuum centrifugation, reconstituted in 50% DMSO:H2O (1:1, 30 μL), centrifuged at 

21,000 g for 10 min, and the supernatant was carefully retrieved for LC-MS analysis.

Nano LC-Orbitrap-MSn Analysis of DNA Adducts—A Dionex UltiMate 3000 

RSLCnano UHPLC System interfaced with a Nanospray Flex ion source, and an Orbitrap 

Fusion Tribrid MS (Thermo Fisher Scientific, San Jose, CA) were used for the analysis of 

DNA adducts. A NanoAcquity 10K 2G V/V UPLC Symmetry C18 trap column (180 μm × 

20 mm, 5 μm particle size, Waters Corp., Milford, MA) was employed for online trapping of 

DNA adducts. DNA digests (3–8 μg DNA) were injected into the trap column and washed 

with mobile phase A for 4 min at a flow rate of 12 μL/min before back-flushing the analytes 

onto the analytical column. At 20 min, the trap column was switched off-line and washed at 

50 μL/min with 100% mobile phase B in order to avoid potential carryover effects. A self-

packed Luna C18 column (5 μm particle size, Phenomenex Corp., Torrance, CA) prepared 

with a PicoTip emitter (75 μm × 200 mm, 10 μm tip ID, New Objective Inc., Woburn, MA) 

was used for LC separation with the following conditions: mobile phase A, 0.05% formic 

acid in water; mobile phase B, 0.05% formic acid-95% acetonitrile-5% water; isocratic run 

starting at 1% B was kept for 4 min at a flow rate of 0.6 μL/min, followed by linear gradient 

starting at 1% B and arriving at 99% B in 19.5 min at the flow rate of 0.3 μL/min, then the 

column was washed at 99% B for 4 min and equilibrated at 1% B for 5.5 min at the flow rate 

of 0.6 μL/min.

Xcalibur version 3.0.63 software was used for data acquisition and analysis. The adduct 

analysis was performed in positive ion mode at the MS2 scan stage with high-energy 

collision-induced dissociation (HCD). The MS was calibrated externally with Pierce™ LTQ 

ESI Positive Ion Calibration Solution (Thermo Scientific, San Jose, CA). Other MS 

parameters were as follows: spray voltage, 2200 V; ion transfer tube temperature, 300 °C; 

quadrupole isolation, 1 m/z; Orbitrap resolution, 60,000 (m/z 200); collision energy (CE), 

25%; maximum injection time, 100 ms; AGC target, 5 × 104. Scanning at the MS3 scan 
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stage was done by collision induced dissociation (CID-CID) with the collision energy of 

30% at the MS2 stage and 36% at the MS3 stage. Orbitrap resolution was set at 30,000 (m/z 
200); isolation mode, quadrupole (isolation window m/z 0.8); maximum injection time, 200 

ms; AGC target, 5 × 104.

The targeted MS2 ion transitions were: dG-C8-PhIP (m/z 490.2 → 374.1470), [13C10]-dG-

C8-PhIP (m/z 500.2 → 379.1640); dG-C8-4-ABP (m/z 435.2 → 319.1302), [13C10]-dG-

C8-4-ABP (m/z 445.2 → 324.1470); dG-C8-AαC (m/z 449.2 → 333.1207), [13C10]-dG-

C8-AαC (m/z 459.2 → 338.1375); dG-C8-MeIQx (m/z 479.2 → 363.1425), [2H3C]-dG-

C8-MeIQx (m/z 482.2 → 366.1613) and dG-N2-B[a]PDE (m/z 570.2 → 257.0959, 

285.0916, 454.1510), [13C10]-dG-N2-B[a]PDE (m/z 580.2 → 257.0959, 285.0916, 

459.1678). Oxidized ring-opened PhIP adducts were monitored at the MS2 scan stage with 

the following transitions: dG-C8-PhIP-Guanidine (m/z 383.2 → 267.1353), dG-C8-PhIP-

Spirohydantoin (m/z 506.2 → 390.1422). Quantitation was achieved by extracted ion 

chromatograms (EICs) of the aglycone ions ([M+H-116.0473]+) of each adduct and their 

corresponding internal standards ([M+H-121.0641]+) except for [2H3C]-dG-C8-MeIQx ([M

+H-116.0473]+). All analytes were assayed within a 5 ppm mass tolerance window.

Method Validation and Calibration Curve—The accuracy and performance of the 

method was determined with carcinogen-treated CT DNA containing known levels of PhIP, 

4-ABP and B[a]P adducts.35,37,40 The intra-day and inter-day accuracy and precision of the 

assay were determined by analyzing adduct levels in the carcinogen-treated CT DNA on 

eight different days. In order to assess the matrix effect on adduct measurements, the above 

mentioned carcinogen-modified CT DNA was spiked into human prostate DNA samples and 

measured for adduct levels.

The calibration curves were constructed at six levels. Isotope-labeled and unlabeled dG-C8-

PhIP, dG-C8-4-ABP, dG-C8-AαC, dG-C8-MeIQx and dG-N2-B[a]PDE were spiked into 20 

μg of non-modified CT DNA after digestion with the level of internal standard at 2 adducts 

per 108 nucleotides. A six points calibration curve was constructed ranging from 0.04 – 3.13 

ratio of unlabeled to labeled adducts, corresponding to levels of adducts ranging from 0.8 to 

62 adducts per 109 nucleotides. DNA (2.5 μg) digest was injected on to the column and each 

calibration point was assayed in triplicate (Figure S-1). Data were fitted to a straight line 

(peak area ratio vs. amount ratio) by ordinary least-squared with equal weighting. Limit of 

quantification (LOQ) was determined by the slope (S) of the regression and its standard 

deviation (σ) with the following formula: LOQ = 10σ/S.41

RESULTS AND DISCUSSION

Method Development and Validation

We modified our previously published capillary UPLC-ESI-IT-MSn method to quantify 

DNA adducts in human prostate samples.36,42,43 To improve the sensitivity of the assay, we 

performed nanoflow-chromatography with nanospray ionization instead of capillary 

chromatography. The modified nucleosides were measured by MS/MS employing HCD and 

the accurate mass measurements of the aglycone ions ([M+H-116.0473]+) were determined 

with the high resolution Orbitrap instead of the previous low resolution measurements, 
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which were conducted by MS3 stage scanning with the LTQ Velos.36,42,43 The amount of 

DNA digest injected onto the column was maximized by employing an online micro-SPE 

trap column, which served to enrich the hydrophobic DNA adducts while removing polar 

non-modified nucleosides, salts, and other components. The ion suppression effects were 

modest, with the signals of response of the internal standards in the DNA digest 30 – 50% of 

those signals obtained with pure standards.

The six points calibration curves of dG-C8-PhIP, dG-C8-4-ABP, dG-C8-AαC, dG-C8-

MeIQx and dG-N2-B[a]PDE are shown in Figure S-1. The linearity of the calibration curves 

is represented by the slope and the goodness-of-fit linear regression values (r2 > 0.998). All 

calibration curves showed good linearity over a 63-fold range of adduct levels. The method 

is highly sensitive and the LOQ values (per 109 nucleotides in 2.5 μg DNA) are: 1.3 adducts 

for dG-C8-PhIP, 2.2 adducts for dG-C8-4-ABP, 1.7 adducts for dG-C8-AαC, 1.6 adducts for 

dG-C8-MeIQx and 1.5 adducts for dG-N2-B[a]PDE.41

The method was validated by the measurements of known levels of adducts of PhIP,37 4-

ABP40 and B[a]P-modified CT DNA35 on eight different days. The method was optimized 

to measure adducts in human samples with low amounts of DNA (10 – 20 μg), where only 

two or three independent replicates can be performed. Therefore, the method validation 

study was conducted with duplicate samples, instead of the typical number of five to ten 

replicates. The levels of adducts measured were within two-fold of the target values (Table 

1). The inter-laboratory estimates of the levels of these DNA adducts are quite 

comparable,35,37,40 if we consider that the assays employed different sets of internal 

standards, different enzymes and DNA digestion conditions, and different MS instruments 

for analysis. For example, the target value of dG-C8-PhIP in tritium labelled-PhIP-modified 

CT DNA was determined by liquid scintillation counting of dG-C8-[3H]-PhIP, isolated by 

HPLC after enzymatic digestion of the DNA;37 the target values of dG-C8-4-ABP and dG-

N2-B[a]PDE were based upon the levels of adducts determined by triple stage quadrupole 

tandem mass spectrometry in an independent laboratory.35,40 The overall intra-day and inter-

day precisions (CV%) were below 7% for all adducts (Table 1).

Identification of Carcinogenic DNA Adducts in Human Prostate

dG-C8-PhIP was found in 11 out of 35 human prostate samples, whereas dG-C8-4-ABP was 

identified in one sample. The mass chromatograms of dG-C8-PhIP and dG-C8-4-ABP at the 

MS2 and MS3 scan stages, and the product ion spectra of the aglycone adducts at the MS3 

scan stage are depicted in Figure 2B and Figure 2C. In contrast, dG-C8-MeIQx, dG-C8-

AαC, and dG-N2-B[a]PDE adducts were below the LOQ value in all specimens (Figure 

2A).

The identities of dG-C8-PhIP and dG-C8-4-ABP in the prostate were confirmed by the MS3 

scan stage product ion spectra obtained by CID-CID fragmentation and Orbitrap detection. 

The major product ions of the aglycone of dG-C8-PhIP at m/z 250.1084, 304.1301, 

329.1254, and 357.1203, and (all within 1.5 ppm from the theoretical values) are produced 

by cleavage of the guanine moiety. The product ion spectrum of [13C10]-dG-C8-PhIP closely 

matches the spectrum of dG-C8-PhIP with mass shifts attributed to the 13C isotopes. The 

product ion spectra of dG-C8-4-ABP and [13C10]-dG-C8-4-ABP are also in excellent 
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agreement. The spectra of these adducts are in good agreement to those previously obtained 

with the LTQ Velos.36,38,42,43 The high resolution MS3 product ion spectra provide 

unambiguous evidence for the presence of dG-C8-PhIP and dG-C8-4-ABP in human 

prostate DNA. The EICs and MS3 spectra of the synthetic standards of dG-C8-MeIQx, dG-

C8-AαC and dG-N2-B[a]PDE are shown in Figure S-2 of Supporting Information.

CT DNA containing known amounts of dG-C8-PhIP, dG-C8-4-ABP and dG-N2-B[a]PDE 

were spiked into several human prostate DNA samples that were found to be negative for all 

adducts and re-measured post-spiking in order to evaluate the prostate DNA matrix effect on 

adduct measurements. Interfering components can result in mass shifts due to the merging of 

unresolved ions because of insufficient resolution even at 60,000, resulting in false negatives 

by high resolution mass accuracy MS instruments.44,45 The results are summarized in Table 

S-1. By comparing adduct levels of human prostate DNA diluted 1:1 with PhIP-, 4-ABP-, 

and B[a]P-carcinogen-modified CT DNA to those adduct levels measured from only CT 

DNA, the range in recovery of the carcinogen DNA adducts in human prostate samples was 

between 70 – 120%. These findings show that prostate DNA matrix effects are negligible.

Frequency of Detection of dG-C8-PhIP and Adduct Levels in Human Prostate

Comparable levels of dG-C8-PhIP were found in transition and peripheral zones of prostate 

(Figure 3). This finding is consistent with data of the rat model where dG-C8-PhIP levels in 

rat ventral (corresponding to human prostate peripheral zone) and dorsal zones 

(corresponding to human transition zone) were similar, despite the much higher incidence of 

carcinomas induced by PhIP in the ventral prostate.9 Interestingly, the dG-C8-4-ABP was 

detected in one prostate sample (Sample P8) at a level of 2.84 ± 0.06 adducts per 108 

nucleotides for the peripheral zone and 3.11 ± 0.01 adducts per 108 nucleotides for the 

transition zone. This subject also harbored the highest dG-C8-PhIP. Surprisingly, this subject 

is a never-smoker.

Compared to previously reported IHC data, which showed nearly 100% positivity for dG-

C8-PhIP and adduct levels well above 1 adduct per 107 nucleotides in prostate DNA of 

cancer patients,23,46–48 our data reveal a considerably lower frequency of detection of dG-

C8-PhIP (31% frequency) with considerably lower adduct levels than those values estimated 

by IHC. The levels of dG-PhIP ranged from 2 to 120 adducts per 109 nucleotides, by 

specific nano-LC-Orbitrap MSn. Similarly, frequent and high levels of dG-N2-B[a]P were 

detected, by IHC, in human prostate.24,25 Even though our nano-LC-Orbitrap MSn method 

is 100-fold more sensitive than the IHC assays, we did not detect dG-N2-B[a]P in a single 

specimen. We believe that the discrepancy in these DNA adduct measurements is attributed 

to the cross-reactivity of the antibodies with other presumed DNA adducts or endogenous 

cellular components in the IHC experiments.

The levels of dG-C8-PhIP measured by nano-LC-Orbitrap MSn varied by nearly 60-fold (2 

to 120 adducts per 109 nucleotides) among subjects. The PhIP-DNA adducts levels are likely 

the summation of recent and chronic exposures. The inter-individual differences in adduct 

levels can be attributed to different amounts of dietary intake of PhIP, since the levels of 

PhIP formed in cooked meat can vary by 50-fold or more.8 Inter-individual differences in 

genetic factors such as genetic polymorphisms in enzymes of xenobiotic metabolism that 
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impact bioactivation and/or detoxication of these procarcinogens, and differences in 

expression of enzymes involved in DNA repair also can influence the levels of DNA 

adducts. Since the epithelial cells of the prostate have a very low cell turnover rate (>1 

year),49 DNA adducts may persist and accumulate. However, dG-C8-PhIP (and other bulky 

DNA adducts) also may undergo nucleotide excision repair.50 Moreover, we do not know the 

adduct levels at the time of cancer initiation, which occurred long before clinical diagnosis 

of prostate cancer. The measurement of dG-C8-PhIP was obtained at a single point in time. 

Investigations on the variation in dG-C8-PhIP levels and its persistence over time in prostate 

are warranted.

Ring-Opened PhIP Adducts Are Not Observed in Human Prostate

Inflammation and oxidative stress are thought to strongly contribute to prostate 

carcinogenesis.14 Arylamine and heteroarylmine dG-C8 adducts are susceptible to oxidation 

under alkaline pH during sample preparation, resulting in the formation of ring-opened 

adducts.51–54 Thus, we analyzed for oxidized ring-opened PhIP adducts including guanidine 

and spirohydantoin derivatives of dG-C8-PhIP in a number of randomly selected human 

prostate samples. PhIP-treated CT DNA was oxidized with NaOH to generate artificial ring-

opened PhIP adducts which served as reference compounds. Neither of the oxidized ring-

opened adducts were detected (Protocol S-4 and Figure S-3), suggesting the dG-C8-PhIP is 

relatively stable to the inflammation/oxidative stress conditions in vivo, and during DNA 

sample workup ex-vivo.

PhIP DNA Adduct Levels in Fresh Frozen and FFPE Prostate Tissue

The measurement of DNA adducts in humans is often restricted by the availability of fresh 

frozen tissues. In contrast, FFPE samples are often readily accessible. Our laboratory has 

reported that DNA adducts of several carcinogens, including aristolochic acid, B[a]P, 4-ABP, 

and PhIP can be recovered in high yield from FFPE rodent tissues.36,39 In this study, we 

have compared the PhIP-DNA adduct levels from fresh frozen prostate tissues with paired 

FFPE tissue blocks from three patients who were positive for dG-C8-PhIP. The FFPE blocks 

were stored at room temperature for a minimum of five months prior to analysis. DNA 

extraction and the adduct measurements were performed side-by-side and the results are 

shown in Figure 4. The levels of dG-C8-PhIP were marginally lower in FFPE specimens 

compared to the fresh frozen samples, but the differences were not statistically significant (P 
> 0.05). These results signify that dG-C8-PhIP is stable to the formalin fixation and paraffin 

embedding procedure and the DNA retrieval process. FFPE tissues can be used as 

biospecimens for biomonitoring PhIP-DNA and other carcinogen DNA adducts in molecular 

epidemiology studies designed to assess the causal role of exposure to hazardous chemicals 

with cancer risk.36,39

CONCLUSIONS

DNA adducts of carcinogens originating from dietary or environmental sources have long 

been thought to contribute to the initiation of human cancers.17 The data of molecular 

epidemiologic studies combined with the mechanistic information on chemical 

carcinogenesis have firmly established causative linkages between exposure to aflatoxin B1 
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and aristolochic acids in cancer risk, where elevated levels of exposure and unique 

mutational signatures were used to establish the causative role of these chemicals in human 

cancer.55,56 There are many other mutagens and potential human carcinogens to which we 

are exposed to daily at low levels. The question is do any of these chemicals contribute to 

human cancer risk? One example is PhIP, a mutagen formed in cooked meat8 and a rodent 

prostate carcinogen.9 Epidemiology studies have linked cooked red meat containing PhIP 

with prostate cancer risk.2,3 To our knowledge, our study is the first report to identify a DNA 

adduct of a cooked mutagen in human prostate by a specific LC-MS measurement. A 

significant percentage of prostate cancer patients harbor dG-C8-PhIP. Further studies are 

required to determine if PhIP plays a role in the etiology of prostate cancer. Our nano-LC-

Orbitrap MSn method can be adapted to biomonitor DNA adducts of a broader range of 

food-borne and environmentally related carcinogens. With recent improvements in the 

sensitivity of analytical MS instrumentation and the ability to screen for multiple DNA 

adducts simultaneously,57 we expect that many adducts will be identified in human tissues 

by MS instruments in the near future. These biomarker data can help to identify hazardous 

chemicals in the environment and diet that may be linked to specific types of cancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structures of carcinogens and their major DNA adducts. (dR = deoxyribose).
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Figure 2. 
EICs at the MS2 scan stage of a human prostate sample targeting dG-C8-AαC, dG-C8-

MeIQx, dG-N2-B[a]PDE, dG-C8-PhIP, and dG-C8-4-ABP. (A) Prostate sample that is 

negative for all DNA adducts. EICs at MS2 and MS3 scan stages and product ion spectra at 

the MS3 scan stage of human prostate sample that is positive for (B) dG-C8-PhIP and (C) 

dG-C8-4-ABP. Proposed MS3 fragmentation pathways of each adduct are displayed on the 

right panel, isotopically labeled 13C atoms of the internal standards are marked in red.

Xiao et al. Page 14

Anal Chem. Author manuscript; available in PMC 2017 December 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Summary of the frequency and levels of dG-C8-PhIP per 108 nucleotides in human prostate 

peripheral and transition zones. The LOQ value is 1.3 adducts per 109 nucleotides.

Xiao et al. Page 15

Anal Chem. Author manuscript; available in PMC 2017 December 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Comparison of dG-C8-PhIP levels (adducts per 108 nucleotides) between fresh frozen and 

FFPE prostate specimens from patients P08, P19 and P26. Two independent analyses were 

done per subject; n.s.: statistically not significant (P > 0.05).
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